A bioactive polyethylene substrate can be produced by incorporation of sulfonic functional groups (-SO 3 H) on its surface and by soaking in a calcium hydroxide saturated solution. Variation of the surface potential of the polyethylene modified with -SO 3 H groups with soaking in a simulated body fluid (SBF) was investigated using a laser electrophoresis zeta-potential analyzer. To complement the study using laser electrophoresis, the surface was examined by X-ray photoelectron spectroscopy (XPS), thin film X-ray diffraction (TF-XRD), field-emission scanning electron microscopy (FE-SEM) and energy-dispersive electron X-ray spectroscopy (EDS). Comparing the zeta potential of sulfonated and Ca(OH) 2 -treated polyethylene with its surface structure at each interval of these soaking times in SBF, it is apparent that the polymer has a negative surface potential when it forms -SO 3 H groups on its surface. The surface potential of the polymer increases when it forms amorphous calcium sulfate. The potential decreases when it forms amorphous calcium phosphate, revealing a constant negative value after forming apatite. The XPS and zeta potential analysis demonstrated that the surface potential of the polyethylene was highly negatively charged after soaking in SBF for 0.5 h, increased for higher soaking times (up to 48 h), and then decreased. The negative charge of the polymer at a soaking time of 0.5 h is attributed to the presence of -SO 3 H groups on the surface. The initial increase in the surface potential was attributed to the incorporation of positively charged calcium ions to form calcium sulfate, and then the subsequent decrease was assigned to the incorporation of negatively charged phosphate ions to form amorphous calcium phosphate, which eventually transformed into apatite. These results indicate that the formation of apatite on bioactive polyethylene in SBF is due to electrostatic interaction of the polymer surface and ions in the fluid.
Introduction
In the last few years, it has been demonstrated that several functional groups, such as Si-OH, 1 Ti-OH, 2, 3 Zr-OH, 4, 5 Ta-OH  6,7 and Nb-OH, 8 when incorporated into the surface of a biomaterial, can induce apatite formation on its surface, which proves that these groups effectively induce apatite nucleation. It has been assumed that the complex process of apatite formation is due to the electrostatic interaction between the substrate surface and specific ions in the fluid. 9 Biomineralization, such as apatite formation, mainly occurs by calcium ion adsorption on and complexation with a negatively charged group of the artificial material and its subsequent complexation with phosphate ion. 9 As result, amorphous calcium phosphate with low Ca/P ratio will form, which is a metastable phase, and then will eventually transform into a stable apatite. 10, 11 Most of the above functional groups are speculated to reveal a negative charge to trigger electrostatic interaction with the calcium and phosphate ions in the fluid, and thereby to form the apatite crystal. [10] [11] [12] Tanahashi and Matsuda 9 demonstrated that a negatively charged surface group is effective for apatite nucleation. They found that the incorporation of -PO 4 H 2 and -COOH groups on self-assembled monolayers (SAMs) is effective for apatite nucleation. On the other hand, positive charged surface groups like -CONH 2 , -OH, -NH 2 and -CH 3 had weaker apatite nucleating ability. 9 Additionally, Kim et al. [13] [14] [15] confirmed these results by means of an electrophoresis study. They have shown that the surface potential of bioactive titanium is initially negative, indicating that the initialization of apatite nucleation involves an electrostatic interaction between the Ti-OH groups and calcium ions. Therefore, the functional groups that are able to become negatively charged at blood plasma pH (# 7.4.) are assumed to be potentially effective for apatite nucleation in an in vivo environment. In the same way, the process and kinetics of apatite formation on hydroxyapatite (HA) could be affected by bulk factors such as density and surface area as well as by surface factors such as composition and structure. Kim et al. 16 investigated in terms of changes in surface composition and structure, and rationalized in terms of change in surface potential, the process and kinetics of apatite formation on HA. They confirmed that the process of apatite formation on HA sintered at high temperature was slow. The high sintering temperature leads to an initially lower negative surface charge of the HA and therefore leads to a surface which is deficient in hydroxyl and phosphate groups, which are responsible for the surface negativity. Moreover, such factors might affect not the process, but the kinetics of the rate of apatite formation on the HA surface, through which the HA integrates with living bone.
Therefore, a detailed insight into the mechanism of apatite formation on bioactive ceramics is considered crucial for developing bioactive materials with enhanced or novel physical, chemical and biological functions. 16 In previous studies, [17] [18] [19] it was demonstrated that the incorporation of -SO 3 H groups onto polymeric surfaces could also serve as functional groups for apatite nucleation. However, it was speculated that the apatite forming ability induced by this functional group significantly depends on the Ca(OH) 2 treatment. So, when the sulfonated samples are soaked in Ca(OH) 2 saturated solution, it is expected that the -SO 3 H groups become negatively charged and interact with the positively charged Ca 2+ ions from the Ca(OH) 2 solution, which increase the apatite forming ability induced by this functional group. To enhance the design of high-performance bioactive polymers, it is important to understand the mechanism of apatite formation on the polymer in vivo.
To clarify this mechanism, the main goal of this work is to evaluate the potential surface change of bioactive polyethylene as a function of immersion time in a simulated body fluid (SBF). The potential surface change is accompanied by a surface structural change, which was analysed by field-emission scanning electron microscopy (FE-SEM), energy-dispersive electron X-ray spectroscopy (EDS), thin film X-ray diffraction (TF-XRD) and X-ray photoelectron spectroscopy (XPS).
Materials and methods

Specimen preparation
In the present study, a high molecular weight polyethylene (HMWPE, Hostalen 1 GM 9255F, Hoechst, Germany) was used as substrate. HMWPE substrates were obtained by conventional injection moulding in a Klockner-Ferromatik Desma FM20 machine in order to produce plates. These plates were cut into substrate specimens of 15 6 35 6 3 mm 3 size.
The substrates were abraded with No. 400 diamond paste, ultrasonically washed with distilled water, and dried at 40 uC for 24 h. These HMWPE substrates were prepared specifically for use in electrophoresis analyses after being subjected to sulfonation. Briefly, the substrates were soaked in 5 mL of ClSO 3 H (50 vol%) solution in Teflon 1 tubes and shaken at 120 strokes min 21 for 10 min at 40 uC. Further details on the sulfonation procedure can be found elsewhere. 17, 19 With the assumption that the calcium ions together with -SO 3 H groups might promote nucleation of apatite, the above sulfonated polymers were treated with calcium hydroxide (Ca(OH) 2 ) solution. Substrates after sulfonation were immediately soaked in 50 mL of saturated (y6.7 mM) Ca(OH) 2 for 24 hours at 40 uC, and washed with distilled water.
Soaking in simulated body fluid (SBF)
Sulfonated and Ca(OH) 2 -treated substrates were soaked in a simulated body fluid (SBF) 20 
Surface potential analyses of the specimens
After the polymer substrates had been soaked in SBF for various periods of time, the substrates were removed from the solution and washed with distilled water. Then, the substrate was immediately soaked again in fresh SBF, which was dispersed with monitor particles of polystyrene latex in a high-purity silica glass cell. This glass cell was connected into a laser electrophoresis spectroscope (Model ELS9000K, Otsuka Electronic Co., Osaka, Japan) to measure the zeta potential of the substrate surface. This system adopts laser Doppler electrophoresis to measure the electrophoretic mobility of the monitored particle, whose surface charge is defined as 0. The zeta potential (f) of specimen substrates is given by the Smoluchowski equation,
where U is the electrophoretic mobility of monitor particle, g is the viscosity of solution, and e is the dielectric constant of the solution.
As long as the monitored particles are floating in the solution, the electrophoretic mobility (U) depends not on the size and shape of the particles, but solely on the electroosmosis current in terms of the surface charge of the specimen substrate in solution. 21 
Analyses of the surface and SBF
After each given soaking period, the above analysis of zeta potential was complemented by field-emission scanning electron microscopy (FE-SEM: S-4700, Hitachi Ltd., Japan), energy-dispersive electron X-ray spectroscopy (EDS: Bruker AXS Microanalysis GmbH, Quantax 400, Germany), thin film X-ray diffraction (TF-XRD: RINT2500, Rigaku Co., Japan) and X-ray photoelectron spectroscopy (XPS: ESCA-3200, Shimadzu Co., Japan) of the surface of the polymer substrate before and after soaking in SBF. In the XPS measurements, Mg-Ka (1253.6 eV) radiation was used as the X-ray source.
The binding energy (BE) scale was calibrated determining the BE of the Ag 3d 5/2 (368.2 eV) level using a spectroscopically pure silver standard and the energy values were measured with an accuracy of ¡0.2 eV. For analysis, specimens were attached with carbon tape to tin holders and placed into an analysis chamber at high vacuum for 24 h prior to study. Also, due to the surface charging, the peak shift was corrected using the C 1s level at 285.0 eV as an internal standard. Since the sulfonated polymer substrates might degrade upon exposure to X-rays, all spectra were recorded using a low power source and a pass energy of 50 eV. The recording time for each spectrum was also kept to a minimum to avoid radiation-induced damage. 22 All recorded XPS spectra were deconvoluted in several signals that were assumed to have a Gaussian line shape and were resolved into individual components after proper subtraction of base line using the Shirley background subtraction method. The element concentrations of the SBF, before and after soaking of the polymer substrates, were measured using inductively coupled plasma atomic emission spectrometry (ICP: SPS-1500VR, Seiko Instruments Inc., Japan).
Results
TF-XRD, FE-SEM and EDS analysis
In previous work, 19 it was demonstrated the sulfonated and Ca(OH) 2 -treated HMWPE samples can induce the formation of an apatite layer. For this particular study, the surface potentials of sulfonated HMWPE samples and sulfonated and Ca(OH) 2 -treated HMWPE samples were studied in detail, to demonstrate that formation of an apatite layer on bioactive polyethylene in SBF is due to electrostatic interaction of the polymer surface and ions in the SBF solution. Therefore, to complement the zeta potential studies, TF-XRD and FE-SEM analysis were used to confirm the formation of an apatite layer. In addition, EDS analysis was used to calculate the Ca/P atomic ratio of the apatite formed on sulfonated and Ca(OH) 2 -treated HMWPE samples. Fig. 1 shows the TF-XRD patterns of the surfaces of HMWPE polymers, which were subjected to sulfonation treatment, subsequent Ca(OH) 2 treatment, and those subjected to soaking in SBF for 168 h after sulfonation treatment, and those subjected to soaking in SBF for several periods of time after sulfonation and the Ca(OH) 2 treatments as demonstrated in previous work. 19 Once more, we can demonstrate in this work that specimens soaked in SBF just after sulfonation are not able to induce apatite nucleation (see Fig. 1A ). This fact points to a significant dependence of Ca(OH) 2 treatment on the apatiteforming ability in the SBF of the -SO 3 H groups deposited on polymer specimens, as confirmed in previous work. 19 It can be observed that the structure of HMWPE remains unaltered after sulfonation, showing the same reflections observed for the untreated specimen even after immersion in the calcium hydroxide solution.
In Fig. 1B it can be seen that after soaking in SBF for 72 h, using non-immersed samples as controls, the TF-XRD pattern of the surface of the HMWPE specimen exhibit two broad diffraction peaks, the positions and intensities of which can assigned to an apatite-like phase (ASTM JCPDS 9-432). The peaks at 25.87u and 31.78u in 2h correspond to the (0 0 2) and (2 1 1) diffraction planes of apatite, respectively. The intensity of these diffraction planes increases as the soaking time in SBF increases (see Fig. 1B ).
In Fig. 2 are shown the FE-SEM images of the HMWPE specimens before and after sulfonation, Ca(OH) 2 treatment and subsequent soaking in SBF for several periods of time. It is worth noting that after the sulfonation procedure there were no signals of any eventual degradation of the polymer as is shown in Fig. 2 . This feature confirms that proposed sulfonation reactions just transform the chemical composition and structure of the outer surface layer, the substrate bulk properties remaining unaltered as demonstrated in previous work. 19 It can be seen in Fig. 2 that after immersion in SBF, a uniform calcium phosphate layer is formed on the substrate after only 48 h of immersion in SBF. The Ca/P atomic ratio of this layer was 1.43, much lower than the value of 1.67 of hydroxyapatite. After 72 h, the polymeric sample was covered with a dense and compact apatite layer confirmed by the TF-XRD analysis (see Fig. 1B ) and demonstrated in previous work. 19 Moreover, at higher magnifications a finer structure is evidenced where needle-like crystals are agglomerated. The apatite has a Ca/P ratio of 1.58 and as the soaking time increase the Ca/P ratio increased up to 1.62, which is slightly lower than that of stoichiometric hydroxyapatite (see Fig. 2 ).
Zeta potential measurements
To prove that the formation of apatite on bioactive polyethylene in SBF is due to electrostatic interaction of the polymer surface and ions present in the SBF solution, a laser electrophoresis zeta potential analyzer was used. Fig. 3 shows the variation of zeta potential of the surface of the HMWPE specimens as a function of soaking time in SBF. For HMWPE that was subjected to sulfonation and subsequent soaking in SBF for several periods of time, the zeta potential was 238 mV immediately after immersion (see Fig. 1 TF-XRD patterns of the surfaces of HMWPE, which were subjected to soaking in SBF for 7 d after sulfonation treatment (A), and to soaking in SBF for various periods of time after sulfonation and Ca(OH) 2 treatments (B). Fig. 3A ). After soaking in SBF for 0.5 h, there was a slight increase to 232. Then, the zeta potential increased with increasing soaking time, reaching a maximum negative value of 220 mV after 48 h. This increase is attributed to the incorporation of positively charged calcium ions from SBF solution. Afterwards, it decreased with further soaking time, revealing always a negative value as is shown in Fig. 3A .
The zeta potential of the HMWPE surface that was subjected to sulfonation and calcium treatment was 224 mV just after 0.5 h in SBF, which was higher than that of the HMWPE that was only subjected to sulfonation (see Fig. 3B ). Such a result is due to the immersion of sulfonated samples in the Ca(OH) 2 saturated solution, which leads to the incorporation of Ca ions. Until 24 h, there is an increased in the zeta potential to 217 mV. Then, the zeta potential increased with increasing soaking time, reaching a maximum positive value of 9 mV after 48 h as is shown in Fig. 3B . It decreased with further soaking time, revealing a negative value after 72 h. After 168 h, the zeta potential converged finally to a constant negative value (see Fig. 3B ). Fig. 4 shows the C 1s and O 1s core-level XPS spectra of HWMPE after sulfonation and Ca(OH) 2 treatments, as a function of soaking time in SBF.
XPS measurements
As can be seen in Fig. 4 , the C 1s core-level XPS spectra for HMWPE after sulfonation and Ca(OH) 2 treatment contain three main components at 285.0 eV and at about 284.5 eV, which were assigned to the main carbon backbone, and around 286 eV for oxygen bonded carbons. The appearance of the last component can be attributed to the increase in the oxygen surface content due to the performed sulfonation. After 6 h, the intensities of the C-C and C-H peaks decrease dramatically and the peak at 284.5 eV almost disappears due the formation of calcium sulfate (CaSO 4 ?2H 2 O). However, the main component of the C 1s signal remains centred at 285.0 eV together with small contributions at higher binding energies attributed to oxidized carbon functional groups. The reduction of the carbon signal in XPS spectra is even larger in spectra recorded after a soaking period of 48 h in SBF, and the reason for this is the deposition of the apatite layer, which was confirmed by TF-XRD and SEM measurements and in previous work. 19 Moreover, with increasing soaking time an increase in the intensities of the bands assigned to C-O bonds can be seen, compared to those for the main carbon backbone.
In the O 1s core-level spectra a clear O 1s peak at 532.51 eV can be observed, ascribed to the O-S bond due to the sulfonation (see Fig. 4 ). This signal together with the C-O signal in the C 1s core-level spectra may involve the existence of a chemical bond between the polymer surface and the -SO 3 H groups deposited on the substrates after soaking in the ClSO 3 H solution. No chlorine signal is detected in the XPS spectra for HMWPE samples after this treatment. This fact confirms that the sulfonation proposed in the present work avoids side reactions where chlorine ions could be incorporated into the material surface during the process. Up to 24 h in SBF, the binding energy of the main peak ascribed to the Ca-O bond hardly changed due to the nucleation of poorly crystalline CaSO 4 ?2H 2 O. After a soaking period of 48 h, the binding energy of the main O 1s peak shifted to higher energies. In addition, it is worth noting the formation of a secondary signal at lower binding energies (531.8 eV) ascribed to double bonded oxygen (OLP-OH). Furthermore, this signal reaches a maximum which can be attributed to the contribution of carbonate groups in the structure of apatite deposited on the material surface. These results are in agreement with those obtained from C 1s spectra (see Fig. 4 ). Fig. 5 shows the Ca 2p and P 2p XPS spectra of the surface of HWMPE after sulfonation and Ca(OH) 2 treatments, as a function of soaking time in SBF.
As can be seen in Fig. 5 , in the Ca 2p core-level spectra, the Ca 2p peak was first detected before soaking in SBF, which was due to the incorporation of Ca ions from the Ca(OH) 2 treatment. Its intensity remained low up to a soaking period of 6 h. An increase of the Ca 2p peak intensity was observed after 6 h in SBF, due to the formation of CaSO 4 ?2H 2 O film. These results are in good agreement with those obtained for O 1s XPS spectra. After 48 h, the intensities of these peaks increased abruptly, and their binding energies shifted to slightly higher positions. Their intensities increase gradually up to 168 h.
In the P 2p core-level spectra, a clear P 2p peak at 131.5 eV can be observed after a soaking period of only 48 h, which is assigned to P-O bonds in the phosphate groups. 23 After 72 h, the intensity of the P 2p peak increased gradually up to 168 h. In the S 2p core-level spectra (data not shown), sulfur is detected in spectra of sulfonated materials as a broad band. The signal can be deconvoluted into two components centred at 169.3 and 169.4 eV and assigned to the S 2p3/2 and S 2p1/2 components for S-O bonds in a sulfate environment. After the subsequent calcium hydroxide treatment and immersion in SBF for several periods, the S 2p peak is not longer detected in the XPS spectra, due to the formation of a very thin calcium sulfate layer covered with apatite as confirmed in O 1s and Ca 2p XPS spectra.
ICP analysis
By ICP analysis (data not shown) and as confirmed in previous work, 19 no significant change in the concentration of Ca and P elements was observed for the sulfonated samples without Ca ions. As for the sulfonated samples with Ca ions, after 6 h in SBF there was a decrease of Ca in SBF, which may be due to the formation of calcium sulfate film. Then, after 24 h, there was a slight increase in the amount of Ca in the SBF, which is attributed to the release of Ca 2+ ions from the surface to the solution. Then, as the soaking time increases, Ca and P concentrations decreased gradually due to apatite formation by consuming the calcium and phosphate ions in SBF.
Discussion
In previous work, 19 it was demonstrated that the incorporation of -SO 3 H groups onto the surface of HMWPE through sulfonation and stabilization by soaking in a calcium hydroxide saturated solution was able to form a dense and uniform apatite layer after soaking for up to seven days in simulated body fluid. To reveal the reasons why this complex process is required for apatite formation and to enhance the design of high-performance bioactive polymers, a detailed study was achieved by measuring the zeta potential of the surface of HMWPE, after sulfonation and subsequent soaking in a Ca(OH) 2 saturated solution, by laser electrophoresis for different periods of time in SBF solution.
The zeta potentials of the surfaces of bioactive and nonbioactive polyethylene were changed drastically when the polymers were soaked in SBF as shown in Fig. 3A and B. In the case of HMWPE that was subjected to sulfonation and thesubsequent soaking in SBF for several periods of time, the zeta potential did not change significantly up to 168 h (see Fig. 3A ). Once more, these results confirm that the apatite forming ability induced by the -SO 3 H groups, incorporated onto the polymer, is weaker. These results are in agreement with those obtained from TF-XRD (see Fig. 1A ). When the HMWPE was subjected to sulfonation and Ca(OH) 2 treatment, the zeta potential was highly negative at the end of the initial soaking period of 0.5 h. Then, it increased to reveal a maximum positive value with increasing soaking time up to 48 h, after which it decreased to a constant negative value with further soaking time up to 168 h as is shown in Fig. 3B . The TF-XRD, FE-SEM and EDS results indicate that the surface of this bioactive polyethylene formed amorphous calcium sulfate within 24 h, amorphous calcium phosphate with a Ca/P ratio of 1.43 within 48 h, and apatite had formed within 72 h with a Ca/P ratio of 1.58, which was detected by TF-XRD. Then, the Ca/P ratio increased to 1.62 in the soaking period of 72-168 h.
Complementing the zeta potential results with XPS results, the bioactivity of this polyethylene can be explained by the following mechanism: the release of the Ca 2+ ions into the surrounding fluid, which were incorporated during the calcium treatment, led to the formation of -SO 3 H groups, after 0.5 h soaking in SBF (see Fig. 4 and 5). It is thought that these -SO 3 H groups are the source of the negative charge of the HMWPE at the soaking time of 0.5 h (see Fig. 3B ). The -SO 3 H groups immediately interact with the calcium ions in the fluid to form calcium sulfate after 24 h in SBF (see Fig. 5 ). The calcium sulfate incorporates the phosphate ions, as well as the calcium ions, in the fluid to form amorphous calcium phosphate from about 48 h immersion time in SBF (see Fig. 4 and 5). At the soaking time of 72 h, crystalline apatite is first detected by the TF-XRD patterns on the surface of HMWPE polymer (see Fig. 1B ). Once apatite nuclei are formed, they can spontaneously grow into a uniform layer by consuming calcium and phosphate ions from the SBF. 24 In Fig. 6 is shown a schematic drawing of this process of apatite formation on sulfonated and Ca(OH) 2 -treated HMWPE samples in SBF. Fig. 6 Schematic showing the relationship between the changes in the surface structure and the potential of the incorporation of -SO 3 H groups into HWMPE in the apatite formation process on its surface in SBF.
Immediately after immersion in SBF, there was the release of Ca 2+ into the surrounding fluid, which was incorporated during the calcium treatment, and leads to the formation of -SO 3 H groups, after 0.5 h soaking in SBF. It is thought that these -SO 3 H groups are the source of the negative charge of the HMWPE at the soaking time of 0.5 h. The increase in the zeta potential from 24 h to 48 h is attributed to the incorporation of positively charged Ca 2+ ions present in the fluid by the negatively charged -SO 3 H groups, through which an amorphous calcium sulfate layer is formed on the substrate. The subsequent decrease of the zeta potential from 48 h to 72 h is attributed to the incorporation of negatively charged phosphate ions in the fluid by the positively charged calcium sulfate, through which amorphous calcium phosphate is formed on the polymeric substrate. This calcium phosphate is transformed eventually into negatively charged apatite after 72 h due to hydroxyl and phosphate groups on its surface. As the soaking time increase the zeta potential decreases, revealing a constant negative value after forming the apatite layer. This spontaneous transformation into crystalline apatite is due to the lower solubility of hydroxyapatite in water than any other calcium phosphate, i.e., it is the most stable form of calcium phosphate in aqueous media around pH 7.40. 25 Furthermore, hydroxyapatite is known to reveal a negative charge in the in vivo environment because of the hydroxyl and phosphate groups on its surface. 26 
Conclusions
The mechanism of apatite formation on bioactive polyethylene in SBF is due to electrostatic interaction of the polymer surface and ions in the fluid which progresses in the following way: (1) formation of 2SO 3 H groups with a negative charge by the Ca 2+ ions release from the HMWPE sample; (2) formation of an amorphous calcium sulfate with a positive charge by combination of negatively charged 2SO 3 H with the positively charged Ca 2+ ions in the SBF; (3) formation of an amorphous calcium phosphate by combination of the positively charged calcium sulfate with the negatively charged phosphate ions in the SBF; and (4) formation of the apatite with a negative charge by transformation of the calcium phosphate into crystalline apatite. This study indicates that by using laser electrophoresis zeta-potential analyzer it is possible to understand the mechanism of apatite formation on bioactive polyethylene as a function of immersion time in a SBF. Moreover, this technique can be very useful to improve the design of high-performance bioactive polymers.
